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The synthesis and optical characterization of semiconductor nanowires (NWs) has gained considerable attention in recent years owing to their unique electronic and optical properties that arise from their anisotropic geometry, large surface to volume ratio and two-dimensional quasiparticle confinement [1, 2] . Post-growth characterization of their properties is crucial in understanding the fundamental physical processes that can lead to enhanced functionality of NW-based nanophotonic and plasmonic devices. In particular, it is important to understand the carrier relaxation pathways in individual NWs, since the geometry of these nanostructures can significantly influence carrier recombination and/or trapping. In this respect, ultrafast optical techniques offer reliable and non-contact spectroscopic tools to study carrier dynamics in semiconductor nanostructures [3] [4] [5] .
GaN NWs are promising wide bandgap (3.47 eV) semiconductors for applications in nanophotonics due to their distinctive material properties, most notably the ability to tune their bandgaps across the visible range of the spectrum through alloying with In and Al [1] . Despite significant progress in improving the quality of GaN NWs, the efficiency and lifetime of GaN-based devices are largely affected by the presence of structural and point defects. In particular, the broad "yellow luminescence (YL)" band commonly observed in GaN NWs can have an adverse effect on the band edge luminescent properties of the nanostructures and is often detrimental to device performance [6] . In this study we employ wavelength tunable optical pump-probe spectroscopy with sub-100 fs time resolution to study carrier relaxation through the defect states responsible for YL in a single GaN NW and compare with measurements on NW ensembles. These are the first ultrafast optical experiments on single group III-V NWs, revealing spatially resolved carrier dynamics along the length of an individual wire. The nanowires used in this study were synthesized on oriented sapphire substrates using metal-organic chemical vapour deposition, employing nickel catalyst nanoparticles to initiate the vapor-liquid-solid growth process with the substrate temperature held at 900 °C [7] . The NWs are single crystalline with wurtzite structure and have a tapered shape (inset to Fig. 2(b) ). Note that the NWs used in our experiment are not quantum confined. NWs were dry transferred onto a clean sapphire substrate for measurements on NW ensembles; SEM measurements indicate that their areal density is typically ~ 12×10 5 NWs/mm 2 with their lengths ranging from 5 to 50 µm and diameters from 120 to 650 nm [3] . For single NW measurements, a single wire was carefully transferred from the ensemble sample onto a patterned sapphire substrate using a nanomanipulator ( Fig. 1(a) ). The ultrafast optical system is based on a 100 kHz regeneratively amplified Ti:sapphire laser producing 50 fs, 10 μJ pulses at 800 nm. Half of the power at 800 nm is used to pump an optical parametric amplifier (OPA), while the other half is mixed with the residual 400 nm light from the OPA to generate the 266 nm pump pulses. The visible signal wavelength from the OPA is tuned to 550 nm to generate the probe pulse.
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QTuL4.pdf © Optical Society of America Fig. 1(b) compares ultraviolet-pump, visible-probe measurements on single and ensemble GaN NWs. The 266 nm photoexcitation creates electron-hole pairs above the GaN band edge, from which electrons rapidly relax to the conduction band minimum and holes populate mid-gap defect states (including those responsible for YL). This causes a decrease in the probe absorption through state filling, resulting in a positive normalized pump-induced change in probe transmission (T/T) at 550 nm [3] . In both samples, the rise time of this signal indicates that these states are populated within ~500 fs. However, the timescales for carrier relaxation through the YL states (given by the decay of the T/T signals) are different. Curve fits to the data show that carriers in each of the samples measured here relax with an initial fast time constant (~2 ps) and then with an intermediate time constant (~9-12 ps) . Furthermore, owing to the inhomogeneity in the NW distribution along the sample surface the relaxation dynamics vary from position to position, making it difficult to precisely understand the carrier dynamics. This contributes to the spatial variation of the carrier dynamics in the ensemble sample, underlining the importance of time-resolved optical characterization on single NWs. In order to understand the influence of the laser polarization on carrier relaxation, we performed time-resolved polarization-dependent experiments on a single NW. It is clear from Fig. 2 (a) that the pump-induced transmission change is maximum when the polarizations of both pump and probe beams are parallel to the length of the NW. For perpendicular polarization, the transmission change exhibits a negative signal close to zero pump-probe delay, which is likely due to induced absorption. Finally, we also measured the pump-induced carrier decay at different positions on the same NW (Fig. 2(b) ); carrier relaxation is clearly different at the two ends of the NW, as evident from the change in the sign of the pump-probe signal as the spot position was varied across the sample. The observed dynamics would significantly affect the lasing properties of these NWs, impacting their device performance.
In summary, time-resolved optical pump-probe spectroscopy was performed on single GaN NWs for the first time. These measurements give insight into the different processes that govern carrier capture and relaxation in individual nanostructures, particularly at surface states. Our experiments thus demonstrate the value of space-andtime-resolved optical spectroscopy in understanding the physical processes that govern the properties of single semiconductor NWs, while suggesting approaches to optimize NW-based devices for nanophotonic applications.
